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FOREWORD 

Thir  document is t he  f i n a l  r epor t  of vork performed 

on Tra j ec to ry  and Guidance Analysis  by t h e  WDL Divi- 

sion o f  the  Phi lco  Corporation dur ing  t h e  Comet and 

Close-Approach Asteroid Mission Study f o r  t h e  Jet 

Propuls ion Laboratory under Cont rac t  JPL 950870. 

The r epor t  covers  work performed dur ing  the  per iod  

2 J u l y  1964 t o  2 January 1965. 

I h e  work i n  t h i s  volume has  been performed by 
Rccce Jensen wi th  con t r ibu t ions  by Profesbor  

Leland E. Cunningham o f  t h e  Univcr r i ty  o f  

C a l i f o r n i a  t o  the  sec t ion  on t h e  P rcacqu i s i t l on  

Phase of a Comet Misrion. 

ii 
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SUMMARY 

A l l  well-known, shor t -per iod  comets were surveyed t o  determine those 

The bes t  s u i t e d  f o r  a fty-by mission in  the time per iod 1967-1975. 

comets s e l e c t e d  f o r  a d d i t i o n a l  s tudy,  p r imar i ly  on the b a s i s  of requi red  

i n j e c t i o n  energy,  were then inves t iga t ed  i n  more d e t a i l  t o  determine guidance 

requirements ,  recovery problems and o t h e r  t r a j e c t o r y  c h a r a c t e r i s t i c s .  

The guidance problem l ed  t o  the requirement of performing a pre l iminary  

s tudy t o  de f ine  b e t t e r  t h e  o r b i t  of a comet by the  use of p a s t  obser-  

v a t i o n a l  d a t a .  

genera t ion  of a comet ephemeris f o r  approximately one year before  launch. 

Analysis of the  comet ephemeris toge ther  w i th  pred ic ted  magnitude d a t a  

r e s u l t e d  i n  a poss ib l e  recovery date  f o r  each of t h e  comets, From the 

accumulated d a t a  on each comet, a s i n g l e  mission was s e l e c t e d  far 

comparison wi th  the Mariner-C Mars mission.  

The recovery problem r e s u l t e d  i n  a requirement f o r  the 

A f ly-by mission t o  one of the close-approach a s t e r o i d s  was a l s o  

inves t iga t ed .  The a s t e r o i d  Eros was chosen €or  t h i s  mission p r imar i ly  

on the b a s i s  of s i z e  and energy requirements.  
I 
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SECTION 1 

OBJECTIVES ARD REQUIREMIwrS 

1.1 OBJECTIVES 

The o b j e c t i v e s  of t h i r  i nves t iga t ion  were t o  r tudy  t h e  f e 8 r i b i l i t y  

of comet missions wi th in  the  time span of 1967-1975. The shor t -pe r iod ,  

well-known comets were surveyed 8s poss ib l e  candid8tes .  

of t h i s  undertaking was t o  uncover the  problems p e r t i n e n t  to  comet 

missions and pore so lu t ion8  t o  these  problems. 

t o  s tudy  t h e  f e a s i b i l i t y  o f  using an  AthU/Agen8 boosted Uariner-C 

sp8cec ra f t  f o r  any o f  t h e  comet missions 8n8lyZtd. 

A u j o r  8081 

A f i n 8 1  o b j e c t i v e  w88 

PH I LCO 
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SECTION 2 

MISSION SURVEY 

2 . 1  MISSION CONSTRAINTS 

To e s t a b l i s h  boundaries on the  a n a l y s i s ,  a se t  o f  mission con- 

s t r a i n t s  was generated t o  limit the scope of t h e  a n a l y s i s  t o  comets and 

launch per iods  t h a t  a r e  comnensurate wi th  cu r ren t  v e h i c l e  development 

and e x i s t i n g  launch f a c i l i t i e s .  A l ist  of t h e  imposed t r a j e c t o r y  con- 

s t r a i n t s  used f o r  s e l e c t i v e  purposes is as follows: 

1. b u n c h  per iod:  1967- 1975 

2 .  Booster v e h i c l e s  ava i l ab le :  a )  A t  las/Agena 

b)  Atlas/Centaur  

3. Spacecraf t  a v a i l a b l e  for  
A t  las/Agena: k r  ine r- C 

4. Launch pad: AMR 

5. Range s a f e t y  considerat ion:  90° < AZL < 114' 

6. Hyperbolic excess  speed a t  
a r r  iva 1 : < 15 km/eec. 

7. Time-of-f l ight  l i m i t :  < one year  

8. Communication d i s t ances  a t  
a r r  iva 1 : e 2 A.U. 

9 .  Terminal miss e r r o r :  5000 km t o  10,000 km 

2 . 2  COHeT SURVEY 

The pre l iminary  p o r t i o n  of t h i s  s tudy was devoted t o  conducting 

a gene ra l  survey o f  poss ib l e  comet t a r g e t s  for t h e  time span under con- 

s i d e r a t i o n ,  1967- 1975. From r e s u l t s  of previous  s t u d i e s  [JPL, 1964; 

STL, 19631, a t a b l e  of comets to be considered was generated.  Using 0 
2- 1 
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I O  

t h i s  t a b l e  a s  a s t a r t i n g  p o i n t ,  the p o s s i b i l i t i e s  occur r ing  each year  

were analyzed i n  more d e t a i l  by using the  WDL Quick-Look Program 

[Phi lco ,  19643. 

mission candida te  led t o  eva lua t ing  the  energy requirements as a func t ion  

of  launch da te .  Using t h e  energy requirement a s  a c r i t e r i a ,  the  comets 

were segregated i n t o  two groups. The f i r s t  group cons i s t ed  o f  comets 

which were beyond reasonable  energ ies  f o r  t h e  given launch vehic les .  

The second group contained a l l  comets t h a t  might make a reasonable  

miss ion. 

The r e s u l t s  of  s tudying each comet a s  a p o t e n t i a l  

Addi t iona l  a n a l y s i s  was conducted on the second group t o  s e l e c t  

t he  s t r o n g e s t  poss ib l e  candida tes  f o r  comet missions.  The r e s u l t s  of 

t h i s  a n a l y s i s  a r e  presented  in  Table 2-1. The r e a l i s t i c  comet missions 

f o r  the  time span o f  i n t e r e s t  a r e  shown according t o  boos te r  require-  

ments, Atlas/Agena and Atlas/Centaur.  The f i v e  poss ib l e  missions in 

the  f i r s t  two rows o f  t h e  t a b l e  were those s e l e c t e d  for extens ive  in- 

v e s t i g a t i o n  and eva lua t ion .  The groups of comets labe led  " p o t e n t i a l  

miss ions  r equ i r ing  a d d i t i o n a l  inves t iga t ion"  con ta in  some r e l a t i v e l y  

h igh  energy missions (C > 20 k d s e c  ). 2 
3 

2.3 TRAJECTORY CHARACTERISTICS 

During t h e  process  o f  scanning the  va r ious  comets f o r  p o t e n t i a l  

miss ions ,  t h e  gene ra l  behavior  of t r a j e c t o r y  c h a r a c t e r i s t i c s  for comet 

miss ions  was a l s o  determined. The i n t e r e s t i n g  p o r t i o n s  of t h e  t r a j e c t o r y  

t o  be discussed a r e  launch and encounter. 

2 .3 .1  Earth-Departure C h a r a c t e r i s t i c s  

The complete d e f i n i t i o n  of ea r th -depa r tu re  c h a r a c t e r i s t i c s  dor a 

t y p i c a l  comet mission depends on two main parameters:  

1. The magnitude of t h e  hyperbol ic  escape v e l o c i t y  

2- 2 
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2. The d e c l i n a t i o n  of t h e  asymptote t o  the  escape hyperbola 
measured W.R.T. the  ea r th  e q u a t o r i a l  plane (MO). 

4 

P / d  I n  t u r n ,  t he  f i r s t  o f  t he  two q u a n t i t i e s  spec i f i ed  above (V 
is a func t ion  of t he  des i r ed  t ime of  f l i g h t  o r  h e l i o c e n t r i c  t r a n s f e r  

angle  (1) ( see  Figure 2-1),  t h e  l a t i t u d e  (UT) and r a d i a l  d i s t ance  (%) 
of t he  comet a t  a r r i v a l  and t h e  earth-comet phase r e l a t i o n r h i p  f o r  t h e  

comet and launch d a t e  being considered (q). Hence, t he  func t iona l  

r e l a t i o n s h i p  may be s t a t e d  a s  follows: 
! 

S i m i l a r l y ,  t he  second parameter governlng t h e  depar ture  charac te r -  

i s t i c s ,  namely DAO, may a l s o  be expressed a s  a func t ion  of  t he  name 

parameters : 

To b e s t  nee how the  ind iv idua l  parameters  comporing f l  and f, 

a f f e c t  7 
energy curves  shown i n  Figures  A - 1  through A-5 i n  Appendix A. F i r r t ,  

the t ime-o f - f l i gh t  or t r a n s f e r  angle dependence is r e a d i l y  seen t o  be 
t h a t  o f  changing from one parabolic-shaped energy curve t o  another  wi th  

a d i f f e r e n t  minimum. The e f f e c t  of t h e  comet l a t i t u d e  a t  a r r i v a l  f o r  

a given t h e - o f - f l i g h t  curve is t o  cause the  energy t o  be a minimm when 

the  l a t i t u d e  is near  zero ,  a s  shown i n  Figure 2-2. The r a d i a l  d i r t a n c e  

of  t h e  t a r g e t  a t  p e r i h e l i o n  sets  t he  energy l e v e l  requiremento. T h i n  

r t a t a n c n t  is only p a r t i a l l y  v a l i d  becaure t h e  comet i n c l i n a t i o n  and 

i n i t i a l  phase a l s o  e n t e r  i n t o  the  energy requirements.  Figure 2-3 ir 

a r e p r e r e n t a t i v e  p l o t  rhowing the  t rend  o f  energy requirement8 a8 a 

func t ion  of p e r i h e l i o n  d i r t a n c s .  

and DAO, it is i n r t r u c t i v e  to  s tudy the  geocent r ic  i n j e c t i o n  P /E 

PH I LCO! 
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0 Probably t h e  most important f e a t u r e  t o  observe in  the  energy 

cunres  is t h a t  o f  t h e  shape of  the curves and the  amount of  over lap  

between success ive  t ime-o f - f l i gh t  curves .  Take, f o r  example, Pons- 

Winnecke wi th  very sha rp  energy curves and l i t t l e  overlapping of  

success ive  curves.  The sharpness  of t h e  curves  d e p i c t s  t he  amount o f  

time the  comet spends between the reasonable  l a t i t u d e  bounds. I n  o t h e r  

words, t he  i n c l i n a t i o n  o f  the  comet o r b i t  d i c t a t e s  t he  shape of t h e  

curves .  

t h e  proximity o f  the  p e r i h e l i o n  of t he  comet o r b i t  t o  that of t he  e a r t h ' r  

o r b i t .  I f  the  comet p e r i h e l i o n  were tangent  t o  t h e  e a r t h ' s  o r b i t ,  t h e r e  

would be a l a rge  number of  t r a n s f e r  angles  and,  hence,  launch dates 

which would provide low i n j e c t i o n  ene rg ie s .  Hence, a broad law-energy 

curve would r e s u l t ,  as is somewhat t he  case  for Pons-Winnecke (1970). 

The func t iona l  dependence on the  earth-comet phase r e l a t i o n s h i p  is, i n  

r e a l i t y ,  an ove r r id ing  parameter which must be favorable  for t h e  comet 

t o  be considered a s  a p o s s i b l e  t a r g e t .  

The squeezing toge the r  o r  s t r e t c h i n g  ou t  depends p r imar i ly  on 

I n  t h e  case  o f  t h e  second parameter governing t h e  launch cha rac t e r -  

i s t i c s  (MO), it  is most important t o  say t h a t  t he  comet l a t i t u d e  a t  

a r r i v a l  is the  governing f a c t o r  for t h i s  parameter.  This can be seen 

by observing Figure  2-2 which shows f o r  Pons-Winnecke a s i n g l e  energy 

cunre wi th  t a r g e t - l a t i t u d e  poin ts  a t  a r r i v a l  superimposed. Also shown 

a r e  l i n e s  of cons tan t  launch azimuth. From t h i s  curve ,  it is p o s s i b l e  

t o  s e l e c t  a n  upper bound on the  l a t i t u d e  of t h e  t a r g e t  a t  a r r i v a l  23' 
and,  hence,  d e s c r i b e  t h e  DAO and the  launch azimuth requi red .  On Figure 

2-2 t h e  l i n e s  o f  cons t an t  launch azimuth a r e  def ined  by the  magnitude of 
t h e  asymptote t o  t h e  outgoing hyperbola (MO) and t h e  launch s i t e  l a t i t u d e  

and launch azimuth. The r e l a t i o n s h i p  between the  park ing  o r b i t  p lane  

and the  outgoing asymptote is more c l e a r l y  shown in Figure  2-4. I f  t h e  

escape d i r e c t i o n  def ined  by IMO l ier  o u t s i d e  t h e  cone generated by 
r evo lv ing  the  park ing  o r b i t  plane around t h e  e a r t h ' s  a x i r ,  then a 

r o l u t i o n  is poss ib l e .  I n  t h e  case of most comet miss ions ,  t he  asymptote 

swing8 q u i t e  r ap id ly  between the two boundaries  of  t he  cone; hence, 

t h e  no t i ceab ly  small number of launch days f o r  a given tve of f l i g h t .  

2- a 
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* 
Typical  p l o t 8  o f  M O  a r e  s h a m  for  Type I and Type I1 comets in  Figures  

2-5 and 2-6. 

launch window must take  i n t o  Considerat ion t h e  motion of  the  asymptote. 

Hence, motion i n  launch d a t e  is more o r  l e s e  a long  the  minimum-energy 

envelopes f o r  range-safe ty  con t ro l s  to  be s a t i s f i e d .  This  cond i t ion  

does no t  n e c e s s a r i l y  apply as  mtringent ly  t o  the  C las s - I  coawts (low 

i n c l i n a t i o n ) ,  It is a l s o  s i g n i f i c a n t  t o  note  t h a t  fol lowing t h e  minimum- 

energy envelopes a s  a func t ion  of launch d a t e  is equiva len t  t o  main- 

t a i n i n g  s f ixed  d a t e  o f  a r r i v a l .  Namely, t h e  a r r i v a l  d a t e  is that o f  

t he  comet nodal c r o s s i n g  o r  c l o s e  t h e r e t o .  

A s i g n i f i c a n t  po in t  t o  b r i n g  o u t  is t h a t  any extended 

2.3.2 A r r i v a l  Geometry 

The a r r i v a l  geometry i r  bes t  descr ibed  i n  a coord ina te  system 

moving wi th  t h e  comet and def ined a8 follows: 
4 

n 

I vC 

1 vc 1 vC Along t h e  v e l o c i t y  d i r e c t i o n  - 

* - 
Normal t o  t h e  comet o r b i t  n 

plane  

(2-3) 

(2-4) 

Approximate l y  towa r d r  t h e  
sun If c o w t  is a t  p e r l -  A n A 

he 1 ion  - RC I h X Vc (2-5) C 

Where a l l  q u a n t l t i e r  a r e  given in sun-centered e c l i p t i c  coord ina tes .  

The angu la r  p o s i t i o n  o f  the Incoming asymptote i n  t h i s  coord ina te  

syr tem i8 r p e c l f i e d  by RAI and M I  a8 rhown i n  Figure 2-7. The tnagnitude 

* 
Type I and Type I1 comet, refer t o  law and high i n c l i n a t i o n r .  
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o f  the  hyperbol ic  approach speed a s  w e l l  a s  t h e  RAI and M I  a r e  shown 

in  Figures  A - 6  through A-10 i n  Appendix A f o r  the var ious  cose t s .  The 

probe gene ra l ly  approaches the comet from the  d i r e c t i o n  the  comet i s  

moving. A l t e r n a t i v e l y ,  one can say the  comet over takes  the  probe. The 

approach geometry is capable  of l imited adjustment by using time-of- 

f l i g h t  and launch d a t e  a s  con t ro l  parameters .  

The main advantage i n  ad jus t ing  the  a r r i v a l  c h a r a c t e r i s t i c s  

appears  t o  be in  minimizing the  approach v e l o c i t y  ( V  ) and/or  c o n t r o l l -  

ing the  d i r e c t i o n  o f  approach t o  s u i t  experimental  requirements.  
H 

2.3 .3  Encounter 

To achieve the  s c i e n t i f i c  goa ls  of  t he  mission,  the  in t e rcep t  

should be ad jus t ed  such t h a t  the comet-vehicle-sun-ear th  r e l a t i o n s  a r e  

a l l  b e s t  s u i t e d  f o r  t h e  des i r ed  encounter geometry. 

a t  encounter  a r e  e s s e n t i a l l y  fixed and only smal l  v a r i a t i o n s  in  the  

spacec ra f t  v e l o c i t y  d i r e c t i o n  can be achieved by a d j u s t i n g  launch d a t e  

and i n j e c t i o n  energy (see Figures A-6 t o  A-10) Hence, t he  only c o n t r o l  

v a r i a b l e s  remaining a r e  the  magnitude and d i r e c t i o n  of  the  B.  The 

vec to r  can be r o t a t e d  about t h e  S vec to r  a s  d e s i r e d .  I n  the  case of  

the  compt Pons-Winnecke, where RAI is small  ( 4 O ) ,  t he  approach geometry 

appears  a s  shown i n  Figure 2-8 for  a choice o f  t h i s  B along T. The 

s e l e c t i o n  o f  the t a r g e t  po in t  P has been made on the  b a s i s  t h a t  t he  

s p a c e c r a f t  w i l l  pass  between the sun and comet and,  a t  t h e  po in t  of 

c l o s e s t  approach t o  the  comet, the spacec ra f t  w i l l  be a s  near the  sun-comet 

l i n e  a s  poss ib l e .  Furthermore, the d i s t a n c e  o f  the  p o i n t  P from t h e  

comet, ! 
v e l o c i t y  c o r r e c t i o n  w i l l  not  allow encounter t o  take p l ace  on the  shady 

side o f  the comet. The terminal  d i spe r s ion  f i g u r e  is ind ica ted  by the  

c i r c l e  around P.  A p a r t i c u l a r  s e t  of and 3.; GFould be s e l e c t e d  for 

each launch d a t e  throughout t h e  launch pe r iod .  This  process  is r i m i l a r  

t o  t h a t  used on the  Mars missions. However, any change i n  comet uncertain-  

t i e s  a t  some time during the  mission w i l l  tend t o  change the t a r g e t  par- 

ame te r s ,  B O T  and B*R. Hence, a continuous computation of  the t a r g e t  

p o i n t  is necessary before  accomplishing c o r r e c t  fve maneuvers. 

The p lanar  r e l a t i o n s  

-. 
4 

I -. 

I , should be la rge  enough such t h a t  e r r o r s  i n  the  second 

4 .  M A  
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It  w i l l  be o f  i n t e r e s t  t o  note the  change in  knowledge of t he  comet 

between recovery and launch shown i n  Table 4-1 of Sec t ion  4. 
the  t a r g e t  v e c t o r ,  a s  a func t ion  o f  time before  launch, amounts t o  a requi re -  

ment f o r  ins tan taneous  t a r g e t i n g  c a p a b i l i t y  from the  boos te r  guidance system. 

The t e rmina l  unce r t a in ty  e l l i p s e  o f  the comet a t  p e r i h e l i o n  is i n  d i f f e r e n t  

d i r e c t i o n s  f o r  each of the  comets. For the  case  of  near  oppos i t i on ,  the  

unce r t a in ty  i n  the  comet p o s i t i o n  in  t h e  r a d i a l  d i r e c t i o n  is determined 

by the  A.U.-to-km conversion.  For t he  case  of the  e a r t h  being a t  quad- 

r a t u r e ,  t h e  mast poorly def ined  e r r o r  i n  t h e  comet's p o s i t i o n  w i l l  be 

d i s t r i b u t e d  between the  i n t r a c k  and r a d i a l  d i r e c t i o n s .  In  any c a s e ,  t he  

e r r o r  i n  the  r a d i a l  d i r e c t i o n  w i l l  be determined from the  previous  measure- 

ments taken and w i l l  not  exceed 1000 lan, which corresponds t o  determining 

the  p e r i h e l i o n  d i s t a n c e  in  A.U.'s t o  t h e  6 t h  s i g n i f i c a n t  f i g u r e  rounded off. 

This  change in  

The p a r t i c u l a r  comet o f  i n t e r e s t  should be thoroughly inves t iga t ed  

before  launch t o  determine how the b i a s i n g  of  the  f i n a l  aiming p o i n t  should 

t a k e  p l ace  t o  account f o r  comet u n c e r t a i n t i e s  a t  p e r i h e l i o n .  I f  we assume 

the  e r r o r s  i n  the  second v e l o c i t y  c o r r e c t i o n  produce an e l l i p t i c a l  d i s -  

pe r s ion  p a t t e r n  a t  encounter ,  then a b i a s i n g  po in t  t o  compensate f o r  both 

the expected comet u n c e r t a i n t i e s  and the  second c o r r e c t i o n  u n c e r t a i n t i e s  

is requi red .  

' PHILCO 

2- 16 

WDL DIVISION 
3 ./ 



WDG TR2366 

S E C T I O N  3 

DETAILED TRAJECTORY DATA 

3.1 TRAJECTORY CHARACTERISTICS 

Each of t he  f i v e  comets s e l ec t ed  i n  Sec t ion  2 was inves t iga t ed  in  

d e t a i l  according t o  bas i c  t r a j e c t o r y  c h a r a c t e r i s t i c s ,  guidance s e n s i t i v i t y  

and comet s i g h t i n g .  The bas i c  t r a j e c t o r y  c h a r a c t e r i s t i c s  generated a r e  

the  following: 

a )  Geocentric i n j e c t i o n  energy v. launch d a t e  : Pigs .  A - 1  t o  A-5 

b) Hyperbolic approach v e l o c i t y  vs .  launch d a t e  

c )  RT ascension and dec l ina t ion  VI. launch da te  

d )  Earth-comet-vehicle angle vs. time o f  f l i g h t  : Figs.  A - 1 1  t o  A-15 

} : Figs.  A-6 t o  A-16 

e )  He l iocen t r i c  t r a j e c t o r y  p r o f i l e  : Pig8 .  A-16 t o  A920 

f )  Encounter t r a j e c t o r y  p r o f i l e  : Figs.  A-21 t o  A-26 

As discussed  in  Sec t ion  2,  t h i s  in fonaa t ion  can be used t o  s tudy the  range 

o f  approach parameters and how launch windows a r e  8e l ec t ed .  

3.2 GUIDANCE PARAMETER 

For purposes of  guidance c a l c u l a t i o n s ,  a guidance s e n s i t i v i t y  parameter,  
2s 1 %  I , was computed along t r a j e c t o r i e s  of  d i f f e r e n t  f l i g h t  times. 

guidance parameter may be ueed to  determine t h e  e f f e c t  o f  v e l o c i t y  add i t ions  

a t  var ious  p o s i t i o n s  along the t r a j e c t o r y .  See Figures  A-27 t o  A-31. 

This  

3.3 COMET SIGHTING 

To study r i g h t i n g  problems of comets, t h e  ephemerir o f  comet and 

e a r t h  were generated f o r  one year p r i o r  t o  encounter.  A l a t i t u d e  time 

h i s t o r y  of the comet in the  v i c i n i t y  of p e r i h e l i o n  a l s o  was generated t o  

3- 1 
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understand the r e l a t i o n  between per ihe l ion and the cross ing  of the 

e c l i p t i c  plane.  See Figures A-32 t o  A-41. 
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SECTION 4 

PREACQUISITION PHASE OF A COMET MISSION 

4.1 COMET ORBIT DETERMINATION 

I t  has  been concluded f r o m  a l l  s t u d i e s  and i n v e s t i g a t i o n s  conducted 

t o  d a t e  t h a t  a p r e a c q u i s i t i o n  phase must be incorporated i n t o  a comet 

probe miss ion .  B a s i c a l l y ,  a p reacqu i s i t i on  phase,  h e r e a f t e r  c a l l e d  

Phase 0 ,  is a d e t a i l e d  and thorough i n v e s t i g a t i o n  o f  a l l  a v a i l a b l e  

obse rva t iona l  da t a  f o r  t he  p a r t i c u l a r  comets of  i n t e r e s t .  A chronologica l  

s ea rch  of a l l  observa t ions  and p l a t e s ,  bo th  reduced and unreduced, should 

be made with cons ide ra t  ion t o  accurac ies  a t t a i n e d ,  equipment used,  s ee ing  

c o n d i t i o n s ,  r e l i a b i l i t y  of the observer ,  and any o t h e r  f a c t o r s  a f f e c t i n g  

t h e  o r b i t a l  elements o f  t he  comet i n  ques t ion .  Some o f  t he  photographic 

p l a t e s  could be re-measured t o  assure  t h e  accu rac i e s  necessary for t h e i r  

u t i l i z a t i o n  i n  c a l c u l a t i n g  o r b i t a l  elements.  Having accumulated a l l  

worthwhile da t a  r e l a t e d  t o  t h e  comets o f  i n t e r e s t ,  a numerical  f i t t i n g  

and weight ing process  would be used to  f i t  da t a  from a p p a r i t i o n  t o  

a p p a r i t i o n .  O r b i t  f i t t i n g  would include t h r e e  and p o s s i b l y  four  or 

f i v e  a p p a r i t i o n s ,  i f  da t a  were ava i l ab le .  This  type o f  work can b e s t  be 

accomplished by a n  astronomer i n  the  f i e l d  who is f a m i l i a r  wi th  t h e  

d a t a ,  t h e  obse rve r s ,  and t h e  poss ib l e  sources  o f  e r r o r  i n  the paa t  da t a .  

A s  an i n d i c a t i o n  o f  t h e  number of obse rva t ions  made and the  type o f  accu rac i e s  

a t t a i n e d ,  b r i e f  h i s t o r i e s  of  four  o f  the  cornets under cons ide ra t ion  a r e  

presented  in t h e  fol lowing d iscuss ion  prepared by D r .  Cunningham [1964?. 

0 

I 

4.2 CONET OBSERVATIONAL DATA 

4.2.1 Per iod ic  Comet Tempe1 (21, 1873 I1 

Tempel’s second pe r iod ic  comet has been observed a t  t h i r t e e n  

a p p a r i t i o n s  s i n c e  i t s  discovery in 1873. 
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Appari t ion of  1946 

This comet was not  observed a t  i ts a p p a r i t i o n s  in  1935 and 1941. 

It approached J u p i t e r  c l o s e l y  a t  i ts  1943 aphe l ion ,  and la rge  p e r t u r b a t i o n s  

t o  i t s  o r b i t  r e s u l t e d .  & a r t  and Henderson computed the  a p p r o x h a t e  va lues  

o f  t h e s e ,  app l i ed  them t o  a n  e a r l i e r  o r b i t  o f  ques t ionab le  v a l i d i t y  and 

publ ished (B.A.A. Handbook 1946) an e p h e m e r i s  f o r  1946. Search wi th  t h e  

a i d  of  t h i s  ephemeris d id  not r e s u l t  i n  the  recovery o f  t h e  comet. 

Van Eiesbroeck (H.A.C. 745) recovered t h e  comet 1946 Xay 1 

immediately fol lowing the r ece ip t  o f  a prev ious ly  unpublished o r b i t  

and ephemeris determined by Ramensky, who had computed h i e  bas i c  o r b i t  

from the  t h r e e  a p p a r i t i o n s  of  1920, 1925 and 1930, and who had taken i n t o  

account a l l  Pe r tu rba t ions  including the  la rge  ones by J u p i t e r  i n  1943. 

1 

Ramensky's elements represented the  recovery p o s i t i o n  wi th  r e s i d u a l s  

of -215", +7" i n  r i g h t  ascension and d e c l i n a t i o n ,  r e spec t ive ly .  Cunningham 

(H.A.C. 747) removed the  one in  r i g h t  ascens ion  by adopt ing  a time of  

p e r i h e l i o n  passage 0.07627 days (about 1.8 hours )  l a t e r  than p red ic t ed ;  

a r e s i d u a l  of  only - 2 "  then remained in  d e c l i n a t i o n .  The ephemeris 

p o s i t i o n  by Beart  and Henderson d i f f e r e d  from the  recovery p o s i t i o n  by 

about 8 degrees ;  t h e i r  p red ic t ed  time of  p e r i h e l i o n  passage requi red  a 

c o r r e c t i o n  of  about  12 days.  It is doubt fu l  t h a t  t h e  comet would have 

been recovered on the  b a s i s  of t h e i r  work. 

Cunningham (H.A.C. 747) used the  above change of 0.07627 days in 

t he  time of  p e r i h e l i o n  passage,  a corresponding change in Ramensky's 

pe r iod  and no change i n  h i s  angular  elements t o  provide a c o n s i s t e n t  se t  

of  elements and an ephemeris. Later (H.A.C. 765) he found t h a t  observa- 

tions made two months a f t e r  recovery had r e s i d u a l s  o f  -18", -5" i n  r i g h t  

ascens  ion and dec I ina t ion, rcspec t ive l y  , and cont  h u e d  the  ephemer is. 

A t  t he  time of  recovery the comet was i n  good observing p o s i t i o n ,  

was about two months before  pe r ihe l ion ,  and undoubtedly could have been 

PH I LCO 
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recovered somewhat e a r l i e r ,  i f  a c o r r e c t  ephemeris had been ava i l ab le .  

Van Biesbroeck (A.J.  54, 82) descr ibed the  cornet a t  recovery as a d i f f u r e  

coma 10'' i n  diameter  and of magnitude 17. 

occurred 1946 August 20 a t  0.635 A.U. 

i ts  b r igh tness  between magnitudes 8 and 11. The l a s t  known observa t ion  

a t  t h i s  a p p a r i t i o n  was made 1947 January 15 by Van Biesbroeck,  who est imated 

t h a t  the  b r igh tness  had f a l l e n  t o  magnitude 17. 

Closes t  approach t o  the  Ear th  

Near t h i s  t i m e  observers  es t imated  

The fol lowing year  Cunningham (H.A.C. 842) used most of t h e  obsenra- 

t i o n s  made dur ing  the  cu r ren t  a p p a r i t i o n  t o  determine new elements;  f i r s t -  

o r d e r  Pe r tu rba t ions  by J u p i t e r  were included. 

s i n g l e  observa t ion  e r r o r  was 2'.'1. 
The roo t  mean square of a 

& p a r i t i o n  o f  1951 

Cunningham's elements w e r  used by Goodchild (B.A.A. Handbook 19S1) 

t o  p r e d i c t  fo r  t h i s  appa r i t i on .  He included approximate pe r tu rba t ions  by 

J u p i t e r  and Sa turn .  

Cunningham recovered t h e  comet 1951 February 3 wi th  t h e  60" r e f l e c t o r  
of t h e  Mount Wilson Observatory.  It appeared s t e l l a r ,  magnitude 19.7. Its 
recovery was f u l l y  confirmed the  fol lowing n i g h t  wi th  the  same Instrument.  

The p red ic t ed  o r b i t  l e f t  r e s idua l s  of  +92", -36" in  the  recovery p o s i t i o n .  

The r e s i d u a l  in  r i g h t  ascension was removed by adopt ing a time o f  p e r i -  

h e l i o n  passage 0.10858 days (about 2.6 hours)  e a r l i e r  than  p red ic t ed ;  a 

r e s i d u a l  of -3" remained i n  dec l ina t ion .  A p o s i t i o n  by Johnson on 1951 
August 29 had r e s i d u a l s  of +13", -9%' when t h e  r ev i sed  p e r i h e l i o n  d a t e  

was used. The o r b i t  was not  f u r t h e r  rev ised  a t  t h a t  time. 

Recovery was made n e a r l y  9 months before  p e r i h e l i o n  a t  a h e l i o c e n t r i c  

d i s t a n c e  of 2.75 A.U.; p e r i h e l i o n  d i s t a n c e  was 1.39 A.U. An unsuccessful  

s ea rch  had been made t h e  previous December and aga in  i n  January wi th  the  

same instunnent .  However, the geocentr ic  d i s t a n c e  was l a rge  and the  

p o s i t i o n  of t h e  comet i n  the  sky was f a r  e a s t  j u s t  be fo re  dawn, and 
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so i t  is poss ib l e  t h a t  under favorable  circumstances the  comet could have 

been recovered wi th  the  60" a b i t  f a r t h e r  from p e r i h e l i o n  than was t h e  case  

a t  t h i s  a p p a r i t i o n .  

Observat ions were amde each month wi th  t h e  60" u n t i l  p e r i h e l i o n ,  

a f t e r  which time the  comet was too f a r  w e s t  a t  t h e  end o f  evening t w i l i g h t .  

As l a t e  as June t he  comet s t i l l  appeared p e r f e c t l y  s t e l l a r ,  a l though 

cons iderably  b r i g h t e r .  I n  the  following months d i f f u s e n e s s  se t  i n  and 

increased r ap id ly .  The photographs made wi th  the  60" dur ing  the  n ine  

months of  observa t ion  a r e  capable  of  y i e l d i n g  accu ra t e  p o s i t i o n s ,  but  

they have not  y e t  been measured. 

Appari t ion o f  1956-57 

Luss  (B.A.A. Handbook 1956) made uns ta ted  r e v i s i o n s  t o  the previous 

o r b i t ,  included approximate pe r tu rba t ions  by J u p i t e r  and Sa turn ,  and 

provided elements and an ephemeris f o r  1956. 

Van Biesbroeck (U.A.I.C. 1554) recovered the comet 1956 May 5 

with  the 82" r e f l e c t o r  of  t h e  McDonald Observatory; magnitude 19. The 

p red ic t ed  o r b i t  l e f t  a r e s i d u a l  of about one minute of a r c  i n  the  recovery 

p o s i t i b n .  It was not  rev ised .  

Recovery was made n ine  months before  p e r i h e l i o n  a t  a h e l i o c e n t r i c  

d i s t a n c e  of  2.81 A.U.; p e r i h e l i o n  d i s t a n c e  was 1.37 A.U. Thus recovery was 

made a t  almost t h e  same po in t  i n  the o r b i t  a s  i n  1951. However, t he  

r epor t ed  b r igh tness  was much above the  l i m i t  of the  82" o r  even t h e  60", 

and presumably the  comet might have been recovered e a r l i e r ,  i f  t h e  a t tempt  

had been made. 

The comet quick ly  moved in to  and remained i n  a poor p o s i t i o n  i n  

The only observa t ion8  known f o r  t h i s  a p p a r i t i o n  a r e  those by t h e  sky .  

Van Biesbroeck 1956 May 5-9. 
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Apparit ion o f  1961-62 

Marsden (B .A .A .  Handbook 1961) used the  elements by Luss f o r  the  

prev ious  a p p a r i t i o n ,  included approximate p e r t u r b a t i o n s  by J u p i t e r  and 

Sa tu rn ,  and provided elements and an ephemeris f o r  1961. 

Miss Roemer (U.A.I.C. 1 7 5 7 )  recovered t h e  comet 1961 March 19 

wi th  the  40" r e f l e c t o r  of t he  U. S. Naval Observatory,  F l a g s t a f f  S t a t i o n .  

It  was s t e l l a r  i n  appearance,  magnitude 20.5. She s t a t e d  t h a t  a c o r r e c t i o n  

o f  +0.4 days t o  the  p red ic t ed  da te  o f  p e r i h e l i o n  passage would w e l l  rep- 

r e sen t  t he  recovery p o s i t i o n s .  This recovery was made 14 months before  

p e r i h e l i o n  and a t  a h e l i o c e n t r i c  d i s t ance  of 3.54 A.U. - f a r  e a r l i e r  

than a t  any previous appa r i t i on .  

d e c l i n a t i o n ,  and t h i s  coupled with the  e x c e l l e n t  oky in  F l a g s t a f f  (which 

permits  an exposure four  times longer than on Mount Wilson) expla in  the  

e a r l i e r  recovery wi th  a smal le r  instrument.  

The comet was a t  oppos i t i on  in  a nor thern  

The comet was w e l l  observed, reached magnitude 12, and was l a s t  

observed by Miss Roemer 1962 December 20 a t  magnitude 20.1. 

of obse rva t ion  vas  21 months. 

T o t a l  per iod  
0 

4 . 2 . 2  Pe r iod ic  Comet Pons-Winnecke, 1819 I11 

The Pons-Winnecke pe r iod ic  comet has  been observed a t  s i x t e e n  

a p p a r i t i o n s  s i n c e  i t s  discovery i n  1819. 

Appari t ion of 1951 

Calway and P o r t e r  (B.A.A. Handbook 1951) provided elements and 

an  ephemeris for . p a r i t i o n .  Pe r tu rba t ions  by four p l a n e t s  were 

included.  They -. . * - i e i r  pred ic t ion  on a semi -de f in i t i ve  o r b i t  by 
P o r t e r  (M.N. lo;, . , 1949) who used observa t ions  cover ing  a n  a r c  of 

126 days in  1945, and l inked  t o  a d e f i n i t i v e  o r b i t  f o r  t h e  1939 appa r i t i on .  
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Cunningham recovered the  comet 1951 February 3 wi th  the 60" 

0 r e f l e c t o r  o f  the  Mount Wilson Observatory. 

tude 19.7. 

recovery p o s i t i o n .  

ing a time of  p e r i h e l i o n  passage 0.2631 days e a r l i e r  than  predic ted ;  a 

r e s i d u a l  of  -37" remained in  the dec l ina t ion .  No o t h e r  r ev i s ions  were 

made a t  t h a t  t i m e ,  and observa t ions  near  the  t i m e  o f  p e r i h e l i o n  passage 

1951 September 8 had r e s i d u a l s  o f  about 300". 

It appeared s t e l l a r ,  magni- 

The p red ic t ed  o r b i t  l e f t  r e s i d u a l s  of  +326", -141" in  t h e  

The r e s i d u a l  i n  r i g h t  ascension was removed by adopt- 

Recovery was made 217 days before  p e r i h e l i o n  passage. The d i s t a n c e  

o f  t h e  comet from t h e  Sun a t  recovery was 2.61 A.U. ,  and from the Ear th  

1.75 A.U.  

magnitude of  16.4 for t h e  comet's nucleus.  

The observed magnitude 19.7 thus  corresponds t o  an absolu te  

Appari t ion o f  1957 
\ 

The p o s i t i o n  of t h e  comet r e l a t i v e  t o  the  Sun made observa t ions  

dur ing  t h i s  a p p a r i t i o n  e s s e n t i a l l y  impossible,  and the  comet was not  

recovered. 

Appari t ion o f  1963-64 

Cunningham observed t h i s  cornet f o r  some n ine  months following his 
recovery of  it  i n  1951. These observa t ions  were made the  b a s i s  of  a new 

o r b i t  by Harsden (B.A.A. Handbook, 1963) who combined them wi th  a few o t h e r  

obse rva t ions ,  l inked the  mean motion back t o  1945, and app l i ed  pe r tu rba t ions  

by E a r t h ,  J u p i t e r  and Sa turn  t o  pred ic t  elements and an ephemeris f o r  

1963-64 .  

Recovered by Miss Roemer (U.A. I .C .  1859) 1964 February 19, and 

confirmed by h e r  on March 14 and 15. 

passage needed a c o r r e c t i o n  of  about +1.2 days.  

p red ic t ed  orbit has  y e t  been made. 

The comet was too close t o  t he  Sun t o  have been recovered much e a r l i e r .  

The p red ic t ed  d a t e  o f  p e r i h e l i o n  

No improvement of t h e  

P e r i h e l i o n  was on 1964 March 23. 
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A f t e r  p e r i h e l i o n  it remained i n  good observing p o s i t i o n ,  and is s t i l l  

under observa t ion  ( m o s t  recent  observat ion 1964 September 4) .  
0 

4.2 .3  Pe r iod ic  Comet KDpff, 1906 IV 

This  comet was discovered i n  1906, missed in  1912, and observed a t  

each a p p a r i t i o n  s i n c e  then.  

Appari t ion of 195 1 

Pred ic t ions  f o r  t h i s  appa r i t i on  were made by Beart  and J u l i a n  

(B .A .A .  Handbook 1951) and by Kepinski ( U . A . I . C .  1299). The s t a r t i n g  

o r b i t  used by Beart  and J u l i a n  was based i n  p a r t  on t h e  1945 ephemeris 

of  Kepinski,  who l a t e r  s t a t e d  ( U . A . I . C .  1299) t h a t  a cons iderable  cor rec-  

t ion was subsequent ly  app l i ed  t o  those elements.  

p o s i t i o n  ( see  next  paragraph) ind ica ted  a c o r r e c t i o n  of -2 .2  days to 

Kepinski’s  p red ic t ed  d a t e  o f  pe r ihe l ion  passage,  and a c o r r e c t i o n  of only  

+0.4 days t o  t h a t  of Beart  and J u l i e n .  Kepinski’s  e a r l i e r  and l a t e r  work 

on the  o r b i t  of t h i s  comet is f a r  more a c c u r a t e  than the  above, and h i e  

temporary low accuracy is f u l l y  explained by the  lo s s  of a l l  o f  h i s  work 
1924-44 i n  the  Warsaw i n s u r r e c t i o n  o f  August 1944. 

However, the  recovery 

a 

J e f f e r s  recovered the  comet 1951 A p r i l  12. He dcscr lbed  it a s  

not  q u i t e  s t e l l a r ,  magnitude 18.7. Hel iocen t r i c  d i s t a n c e  was 2.35 A . U . ,  

geocen t r i c  d i s t a n c e  1.38 A . U .  

condensat ion ( r a t h e r  than  of t h e  nucleus i t s e l f )  was about 16.1. 

Thus t h e  abso lu te  magnitude of the  nuc lea r  

Apparit ion of 1957-58 

P r e d i c t i o n s  were made by Sumner (B.A.A. Handbook 1957) and by 

Kcpinski (U.A.I.C. 1571, 1598, 1642). A c l o s e  spproach to  J u p i t e r  in 
1954 produced l a rge  p e r t u r b a t i o n s .  
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Van Biesbroeck announced the recovery of  t h i s  comet 1957 February 
20, but t h i s  proved t o  be incor rec t .  

Due t o  a poor observing pos i t i on  near t h e  Sun, t h e  comet was 
a c t u a l l y  not recovered u n t i l  1958 June 25, when Miss Roemer observed it 

f a r  e a s t  a t  t h e  beginning of  dawn. Not s t e l l a r ,  magnitude 18.8. She 

continued t o  observe it through 1958 October 8 a t  magnitude 20.8 (he l io -  

c e n t r i c  d i s t a n c e  2.80, geocent r ic  d i s t a n c e  1.85),  and even photographed a 

t r a c e  o f  i t  1958 December 4 a t  magnitude 21.5 ( h e l i o c e n t r i c  d i s t ance  3.11, 

geocen t r i c  d i s t a n c e  2.34). 
an abso lu te  magnitude o f  17.2 fo r  t he  t i n y  nuc lear  condensat ion.  

i s  1.1 magnitudes f a i n t e r  than the e a r l i e r  e s t ima te  above, but  t h e  proper  

abso lu t e  magnitude t o  be used f o r  a very e a r l y  recovery amy be s t i l l  a 

l i t t l e  f a i n t e r  y e t .  

These observa t ions  a r e  c o n s i s t e n t  i n  y i e l d i n g  

This 

The e r r o r  i n  Kepinski 's  ephemeris was about 3 ' ,  but the  v a r i a t i o n s  

for  conver t ing  t h i s  t o  an e r r o r  i n  t h e  time of  p e r i h e l i o n  passage a r e  not  

immediate ly  ava i lab  le.  

Appari t ion of  1963-64 

P red ic t ions  were made by Egerton, A i n s l i e  and Calway (B.A.A. Iiand- 

book 1963) and by Kepinski (U.A.I.C. 1849). Their  p red ic t ed  t imes of  

p e r i h e l i o n  passage d i f f e r  by 2.65 days.  

Recovered by Miss Roemer 1963 December 18. Not q u i t e  s t e l l a r ,  

magnitude 18.8. Hel iocen t r i c  d i s t ance  2.13 A.U. , geocen t r i c  d i s t a n c e  

2.76 A.U. Corresponding abso lu te  magnitude is 15.0. The recovery was 

made a t  a p o i n t  i n  t h e  o r b i t  a l i t t l e  nea re r  t o  pe r ihe l ion  than  was the  

case  i n  1951 when the  absolu te  magnitude was found above t o  be 16.1. A l l  

o f  t he  observa t ions  including those in  1958 made on the  outward branch of 

t he  o r b i t  ag ree  in showing t h a t  the a b s o l u t e  magnitude changes wi th  the  

p o s i t i o n  i n  the o r b i t  even when t h e  comet is far from pe r ihe l ion .  This 

r e s u l t  is a l s o  c o n s i s t e n t  with the n o n - s t e l l a r  images t h a t  were always 
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noted by the  observers .  

The p r e d i c t i o n  by Kepinski proved t o  be f a r  more a c c u r a t e  than  the  

one by Egerton,  A i n s l i e  and Calway. The error i n  Kepinski ' s  p red ic t ed  

time of perihelion passage was only 0.10 days. 

This  comet is  s t i l l  under observa t ion  (most recent  1964 August 30, 
magnitude 16) and w i l l  probably cont inue t o  be observed i n t o  the  f i r s t  p a r t  

of 1965. 

4.2.4 Per iod ic  Cornet Brooks (2)  

Brooks' second shor t -per iod  comet has  been observed a t  each appari-  

t i o n  except one s i n c e  i t a  discovery i n  1889. 

Appari t ion o f  1946 

Cripps (B.A.A. Eandbook 1946) provided elements and an ephemeris 

for t h i s  appa r i t i on .  

J e f f e r s  (U.A.I.C. 1050) recovered t h i s  comet 1946 June 28 some 

two months before  pe r ihe l ion .  Magnitude 18. The r e s i d y a l s  from Cripps '  

p r e d i c t i o n  were +294", +84". Cunningham (H.A.C. 761) removed t h e  one in  

r i g h t  asceneion by adopt ing a time of p e r i h e l i o n  passage 0.1995 days 

e a r l i e r  than  t h e  p red ic t ed  one; a r e s i d u a l  o f  only -1" remained i n  dec l ina-  

t ion. Observat ions cont inued through November 1946. 

Appari t ion of 1953 

Goodchild (B.A.A. Handbook 1953) used Cunningham's elements of 
1946, app l i ed  p e r t u r b a t i o n s  by J u p i t e r  and Sa turn ,  and provided elements 

and an ephemeris. The r e s u l t i n g  elements were c o r r e c t ,  bu t  an error wao 

made in the  computation of the  ephemeris. P o r t e r ,  Harris and Wheel 

(U .A. I .C .  1400) provided a cor rec ted  ephemeris from t h e  same elements.  
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J e f f e r s  (U.A.I .C.  1410) recovered the  comet 1953 June 18 aga in  some 

two months be fo re  p e r i h e l i o n .  Magnitude 18. The r e s i d u a l s  from Goodchild's 

elements were +127", +35". Cunningham (H.A.C. 1237) removed t h e  one i n  

r i g h t  ascens ion  by adopting a t i m e  o f  p e r i h e l i o n  passage 0.095 days e a r l i e r  

than  t h e  p red ic t ed  one; a r e s i d u a l  of on ly  -1" remained i n  d e c l i n a t i o n .  

Apparit ion o f  1960-61 

Dubiago (B.A.A. Handbook 1959, U.A.I .C.  1736) app l i ed  p e r t u r b a t i o n s  

by J u p i t e r  and Sa turn  t o  give ephemerides fo r  t h i s  a p p a r i t i o n .  

Recovered by Miss Roemer (U.A.I.C. 1736) 1960 August 4 about two 

months p a s t  pe r ihe l ion .  Magnitude 18. Las t  observed by h e r  1961 January 

8 a t  magnitude 19.0 and February 9 a t  magnitude 20.2; descr ibed  a s  no t  

q u i t e  s t e l l a r .  The f i r s t  o f  these  l a t e  p o s i t i o n s  g ives  an abso lu te  mag- 

n i t u d e  of  16.1; t h e  l a t t e r  16.6. 

4.3 JUSTIFICATION FOR PHASE- 0 STUDY 

The t a s k  depic ted  for  Phase 0 i s  a 6-month t o  one-year e f f o r t  

conducted a t  l e a s t  1 t o  2 yea r s  a f t e r  t h e  l a s t  a p p a r i t i o n .  This  t i m e  

d e l a y  allows f o r  c o l l e c t i n g  and reducing a l l  da t a  taken dur ing  the  

prev ious  a p p a r i t i o n .  

The ques t ion :  "Why accomplish a Phase-0 study?" has not been 

f u l l y  answered. Column 1 o f  Table 4-1 g ives  some i n d i c a t i o n  of t h e  

r e a l i s t i c  i n i t i a l  u n c e r t a i n t i e s  that  a r e  expected f o r  the  comets i f  no 

p r i o r  o r b i t  f i t t i n g  work o r  i n t e g r a t i o n  is  accomplished. I t  is t r u e  

t h a t  t hese  u n c e r t a i n t i e s  can be  reduced f o r  a p a r t i c u l a r  a p p a r i t i o n  i f  

s u f f i c i e n t  obse rva t ions  a r e  made a f t e r  a c q u i s i t i o n .  However, t h e  complica- 

t i o n s  o f  launching a month o r  two a f t e r  a c q u i s i t i o n  means t h a t  t he  comet 

u n c e r t a i n t y  is s t i l l  l i k e l y  t o  be l a rge  and would r e q u i r e  l a rge  compen- 

s a t i n g  v e l o c i t y  c o r r e c t i o n s .  A more r e a l i s t i c  approach is t o  use 
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e x i s t i n g  da ta  which con ta in  s u f f i c i e n t  accuracy t o  produce the p red ic t ed  

a c q u i s i t i o n  accu rac i e s  shown in column 2 of  Table 4-1 [Cunningham, 19641. 

As is evident  from t h e  remaining columns o f  t h e  t a b l e ,  the  guidance prob- 

l e m  due t o  comet unce r t a in ty  is grea t ly  diminished once t h e  p r e a c q u i s i t i o n  

a n a l y s i s  has been accomplished a n d  incorporated i n t o  the  mission plan.  

Other f a c t o r s  i n  favor  o f  a Phase 0 s tudy a r e  the  following: 

I 
a .  Reduced r e l i a n c e  on obse rva to r i e s ,  both before  and a f t e r  

launch. 

each new moon). 

(Probably one p a i r  of observa t ions  would be made 

b. Capab i l i t y  t o  launch before  t h e  comet has  been acquired.  There 

is a b s o l u t e l y  no reason t h a t  a launch could not t ake  p lace  before  

comet a c q u i s i t i o n  i f  a thorough Phase-0 s tudy has  been completed. 

c .  Reduced f u e l  expendi tures  due t o  both the  smeller u n c e r t a i n t i e s  

o f  t he  comet and the  p o s s i b i l i t y  o f  e a r l i e r  f i r s t  and second 

c o r r e c t  ions.  

d. P o s s i b i l i t y  o f  mission f a i l u r e  because of  the  lack of obse rva t iona l  

da t a  o r  because o f  adverse obse rva t iona l  condi t ions  (cloud ove r ,  

e t c . )  is g r e a t l y  reduced. The mission could be a p a r t i a l  success  

i f  on ly  3 o r  4 observa t ions  were obta ined .  

4 . 4  UPDATING COMET ORBITAL ELEMENTS 

Afte r  an  i n i t i a l  s e t  o f  o r b i t a l  elements have been determined in  a 

Phase 0 s tudy they must be propagated by numerical  i n t e g r a t i o n  t o  the  epoch 

o f  p e r i h e l i o n  d e s i r e d .  

t he  comets f o r  t h e  epochs o f  i n t e r e s t  was inves t iga t ed  f o r  two of t h e  comets. 

I n  p a r t i c u l a r ,  t h e  two comets, Tempel (2 )  and Kopff, were inves t iga t ed  by 

us ing  o r b i t a l  da t a  f o r  the  appa r i t i ons  i n  l a t e  1950's ( s ee  Tables B-7 and 

This  problem of gene ra t ing  the  o r b i t a l  elements o f  

B-8). The i n t e g r a t i o n  was i n i t i a t e d  a t  t h i s  epoch and,  hence, c a r r i e d  

0 4- 12 
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0 forward approximately four  appa r i t i ons  (1978). 

Program was used t o  c a r r y  ou t  t he  i n t e g r a t i o n .  A t  the  next  a p p a r i t i o n  

a f t e r  i n i t i a t i n g  the  i n t e g r a t i o n ,  the r e s u l t s  were compared wi th  a c t u a l l y  

observed da ta  t o  determine i f  t he  s t a r t i n g  elements and the  program pro- 

duced expected r e s u l t s .  The comparison is presented  in  Tables  B-7 and B-8,  

and shows e x c e l l e n t  agreement with obse rva t iona l  da t a .  It a l s o  shows 

t h a t  the s t a r t i n g  o r b i t a l  elements used by IITR for Kopff were not  c o r r e c t  

and, hence,  t he  no tab le  change i n  the  d a t e  o f  p e r i h e l i o n  passage i n  1970 

(4 days) .  

The JPL Space Tra j ec to ry  

The r e s u l t s  i nd ica t e  t h a t  the o r b i t a l  elements of the  comets a t  

any f u t u r e  epoch may be determined r e a d i l y  from c u r r e n t  elements by 

numerical  i n t e g r a t i o n .  However, the accuracy of f u t u r e  o r b i t a l  elements 

is gene ra l ly  worse than the  accuracy of  t h e  s t a r t i n g  elements.  The secu- 

l a r  non-g rav i t a t iona l  e f f e c t s  a r e  not  e a s i l y  accounted f o r  i n  the  numerical  

i n t e g r a t i o n .  However, t he  ex is tence  of  such non-g rav i t a t iona l  forces  on 

comet motions is a ques t ion  y e t  to be f u l l y  explained and answered. The 

genera l  consensus of  op in ion  is t h a t  -if t hese  forces  do e x i s t ,  then they 

a r e  extremely small (ATp 5 1 ) and, most l i k e l y ,  a c t  l i k e  a r e p e t i t i v e  

bias f o r  each a p p a r i t i o n .  

h 
0 
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SECTION 5 

PRELAUNCH PHASE 

5.1 COMET RECOVERY 

An a n a l y s i s  of  t h e  comet m t i o n  before  launch MI conducted t o  

determine pose ible  recovery times for each comct t a r g e t .  The r i g n i f i -  

can t  parameters considered i n  determining recovery t h e  and p o s i t i o n r  

a r e  as fol lows:  

a. Diatance of comet from t h e  e a r t h  

b o  Distance of comet from t he  sun 

c. Earth-sun-comet angle  h i s t o r b 8  

d. Decl ina t ion  of t h e  comet W.R.T. t h e  equator  

e. P r i o r  recovery d a t a  pe r t a in ing  t o  amgnitudee and d i s t a n c e r  
a t  which the  comet was recovered 

A pre-launch and post-launch ephemerir for each of t h e  po re ib l c  

comet t a r g e t s  and e a r t h  are presented i n  Figurer  A-32 t o  A-36 in Ap- 

pendix A, 
f o r  i nc rca r ing  date .  

of t h e  c u m t  are provided i n  Tables B-1 t o  E-5 i n  Appendix B. 
g e n e r a l  rule, recovery of the carnet nuy not  take p lace  beyond 2 l r t  

magnitude. HOMver, with a Phase-O study adequately accomplirhed, mOrt 

of the comets could be recovered a t  21s t  magnitude by t h e  M t .  Palomar 

200-inch o r  H t .  Hamilton 120-inch te lescopes .  For 20th  magnitude ob- 
r e r v o t i o n  t h e  M t .  Wilson 100-inch t e l e scope  could be ured toge the r  w i th  

t h e  F h g r t a f f  @-inch te leecope.  

are a n t i c i p a t e d  for a recovery  a t  least  three monthr be fo re  launch. Tha 
c m t  w i l l  be i n  e x c e l l e n t  poe i t i on  for viewing and w i l l  be s u f f i c i e n t l y  

The po8 i t ion r  of comet and e a r t h  are numbered consecut ive ly  

Addi t iona l  data f o r  each of the numbered p o r i t i o n r  

A8 a 

I n  t h e  c a w  of Tempe1 (2), no problem 

5-1 
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b r i g h t  f o r  d e t e c t i o n  on January 10, 1967. 

Winnecke, recovery  is poss ib l e  on December 1, 1969; t h i s  provides  f o r  

more than  one month of c w t  observa t ion  before  launch on January 11, 

1970. For comet Kopff, it is not l i k e l y  that recovery  can t ake  p lace  

m c h  before  the middle of December I969 (at  2lst magnitude). 

a t  t h a t  t i r e  will allow 1.5 months of  observa t ion  be fo re  hunch .  The 

C o m e t  Tut t le-Giacoblni-Krcrak is a f a i n t e r  comet than  Kopff; however, 

t h e  c h a r a c t e r i r t i c s  of t h i s  comet cause it  t o  br igh ten  up a t  f a l r l y  

c l o s e  d i s t a n c e s  to t h e  sun. The r e s u l t  of t h e  late br ighten ing  of  t h i o  

comet makes earlier recovery  a f a i r l y  d i f f i c u l t  problem. It is t he re -  

f o r e  u n l i k e l y  t h a t  t h i s  comet w i l l  be recovered u n t i l  three month8 

a f t e r  launch. Brooks (2) appears  t o  be recoverable  a t  approx inu te ly  

t h e  same d a t e  t h e  v e h i c l e  i r  t o  be launched, A surnarrry of comt re- 

covery l ead  times is shown in Table 5-1. 

In the  case o f  Pons- 

Recovery 

I 

Table 5-1 Comet Recovery Table 

COMET 

Tempel ( 2 )  

Pons- Winnecke 

Kopff 

T u t t  le-  Giacobini- 
Krcsak 

kooks ( 2 )  

? R E D I C E D  DATE 
IF RECOVERY 

Jan. 10, 1967 

Dec. 1, 1969 

Dec. 15, 1969 

Jan. 6 ,  1973 

May 4, 1973 

PREDICTED DATE 
OF LAUNCH 

Apr. 10, 1967 

Jan. 31, 1970 

Feb. 1, 1970 

Oct. 5 ,  1972 

b y  4, 1973 

LEAD TIME (WNTHS) 

3 

2 

- 3  

0 
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SECTION 6 

GUIDANCE ANALYSIS 

6 .1  VEHICLE AND COMET ERROR PROPAGATION 

The approach taken t o  compute the v e l o c i t y  requirements f o r  a comet 

mission was t o  cons ider  two sepa ra t e  sources  of e r r o r .  The f i r s t  source of 

e r r o r  considered was t he  b o o s t e r ,  For purposes of conso l ida t ing  the  

boos te r  e r r o r s ,  t h e  covariance matrix o f  i n j e c t i o n  e r r o r s  (A ) f o r  t he  

Atlas/Centaur  was obtained rElconin and Kohlhase, 19641. The covariance 

matrix was expressed in  a n  azimuth-independent plumb-bob coord ina te  

system and is v a l i d  up to  i n j e c t i o n  ene rg ie s  of  15 km’fsec’. 

ope ra t ion  was t o  t ransform t h e  A 

used for i n t e g r a t i o n  purposes. Hence, t he  t ransformat ion  ma t r ix  f H 7  was 

computed where 

I 

The f i r s t  

matr ix  i n t o  t h e  Car t e s i an  coord ina te  system I 

*PLUMB- BOB 

Then, t h e  A matrix was transformed i n t o  i n e r t i a l  Ca r t e s i an  coord ina tes  

a s  follows: 
I 

A - rHl fAI1[HT] .  (6- 2 )  
‘CARTESIAN 

1 

Next, t h e  i n j e c t i o n  covariance mat r ix  was propagated along a re ference  

s p a c e c r a f t  t r a j e c t o r y  t o  the  terminal  po in t  by using t he  t r a n s i t i o n  mat r ix  

rqq. 

6- 1 
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where the  ma t r ix  at ~ is expressed as follows: 
I E  

and 

4 

B D (6 -  5 1 

where q war s e l e c t e d  t o  be any one of t he  te rmina l -cont ro l  parameters 

der  i red:  

(Time of  P l i g h t  war not  used a s  a con t ro l  parameter$. 

“p i r  then the  covariance m t r i x  of t he  m i s r  due t o  the  boos te r  a scen t  

e r r o r s  only. 

The second e r r o r  source t o  be considered i n  the  c a l c u l a t i o n  of 

v e l o c i t y  requircmentr war t h a t  o f  the  cotnet unce r t a in ty  a t  a r r i v a l  a8 

determined a t  t he  time t h e  spacecraf t  was launched. 

i n t e r p r e t e d  as an aiming e r r o r  in  the  booster  a t  launch; thus ,  t he  

v e l o c i t y  requirement t o  n u l l  it may be computed. 

This e r r o r  can be 

To combine t h e  boos te r  ascent  e r r o r 8  and boos te r  aiming e r r o r s ,  

we t ake  the  expresr ion  f o r  t he  t o t a l  miss a t  t he  t a r g e t  as follows: 

M - m i 8 8  
V - veh ic l e  
c - comet 
X - t o t a l  s t a t e .  

(6- 7 1 

6- 2 

WDL DIVISION 
+k 



WDGTR2366 

Taking the  expected va lue  of the  t o t a l  miss, 

Expand ing , 

However, t h e r e  is no reason t o  assume any c o r r e l a t i o n  between unce r t a in ty  

i n  the  v e h i c l e ' s  s t a t e  a t  a r r i v a l  and e r r o r s  i n  es t imat ing  the  comet 's  

s t a t e .  Thus, 

(6 -  10) 

Hence, t he  t o t a l  covariance matrix of miss a t  a r r i v a l  is t h e  sum of  t h e  

unce r t a in ty  due t o  t h e  boos te r  and t h a t  due t o  t h e  comet: 

B = % + ' % I  

where 

(6-  11) 

(6 -  12) 

and @ i r  s i m i l a r  t o  t h a t  previously descr ibed ,  except t h a t  it is generated 

a long  the  comet re ference  t r a j e c t o r y .  is the  ins  tantaneous covar lance 

autrix of comet uncertainties at the time t he  vehicle is launched, A may be C 
a l t e r n a t e l y  s p e c i f i e d  i n  term of v a r i a t i o n  in a s i n g l e  parameter,  t he  

d a t e  of  p e r i h e l i o n  parsage (AT ). Considering A c  a8 being compnted in 
P 

centered eo-ordinate syetem at a r r i v a l ,  From equat ion (6-12), we have 

PH I LCO 
..-.. . n - d y n r h r l l w "  
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L 
0 

(6- 13) 

where the  c o r r e l a t i o n  between - and - namely '-.- - -,is very 

nea r ly  uni ty .  

observe t ion8 1 da ta  has  been inc luded. 

B'T B * R '  B T , B - R  
The matr ix  + may be computed a t  any time a f t e r  a l l  p r i o r  

A t h i r d  term c o n t r i b u t i n g  t o  A ~ ,  due t o  o r b i t  de te rmina t ion  of t h e  

v e h i c l e ,  b e  been omit ted s i n c e  it i n  small compared t o  A and k. F 

The minim-velocity a d d i t i o n  to  compensate for % may be computed 

a s  fol lows.  Let t he  v e l o c i t y  c o r r e c t i o n  be given by 

(6- 14) 

where 

Wri t ing A A i n  an  a l t e r n a t e  form, 

(6- 16) 

6- 4 
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E: 0 and tak ing  t h e  expected value of AU, we compute a new A 

The minimuIPve loc i t y  c o r r e c t  ion is then 

and 

0 v = [TRACE E (X X 'T-?! ) 
G G J  

(6- 18) 

(6- 19) 

P l o t s  o f  RIG a s  a func t ion  of  time o f  f l i g h t  from i n j e c t i o n  a r e  shown 

i n  F igures  6-1 t o  6-3. 

'B*T,B*R a r e  shown. It should be noted t h a t  t he  con t r ibu t ions  t o  OV R l S  

by t h e  Atlas-Centaur  boor t e r  e r ro r8  were lo va lues ,  For t h e  comet Ponr- 

Winnecke, Figure 6-2 i n d i c a t e s  that it takes  approximately 180 m / s  to  

compensate f o r  lo Atlas-Centaur e r r o r s  p l u r  0 .5  day v a r i a t i o n  i n  the  

d a t e  of p e r i h e l i o n  passage. 

Various combinations f o r  t he  c o r r e l a t i o n  c o e f f i c i e n t  - - -  

6.2  GUIDAP13CG REQUIRlD@NTS 

The amount o f  f u e l  required f o r  midcourse guidance on a miasion 

t o  Ponr-Winnecke depends on the  type of t r a j e c t o r y  one s e l e c t s .  

Type-I1 t r a j e c t o r y  is u t i l i z e d  as previously d iscusred ,  then the  launch 

may occur  a s  e a r l y  a s  1 November 1969. 

I f  a 

However, it i r  un l ike ly  t h a t  t he  

6-5 
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1st Veloci ty  
Correct  ion 

(m/sec 1 

comet w i l l  be recovered before  1 December 1969. 

used f o r  launching w i l l  be derived from the  pre-recovery s t u d i e s  conducted. 

The unce r t a in ty  i n  the  loca t ion  of p e r i h e l i o n  is l a r g e r  f o r  t h i s  case  

( see  Table 4-1); hence, t he  midcourse f u e l  requirements w i l l  be l a rge r .  

For the  caae of a Type-I t r a j e c t o r y ,  t h e  comet w i l l  have most l i k e l y  been 

recovered and the  comet pe r ihe l ion  t ime e r r o r  w i l l  be cons iderably  sma l l e r ,  

so less f u e l  w i l l  be required f o r  v e l o c i t y  co r rec t ions .  

o f  t he  v e l o c i t y  requirements f o r  the two types o f  t r a j e c t o r i e s  t o  Pons- 

Winnecke is shown below. 

Hence, t he  t a r g e t  v e c t o r  

A summary t a b l e  

2nd Veloc i ty  To ta l  Veloci ty  
Correct  ion Change Required 

(m/sec) (m/sec) 

T ra j ec to ry  
S P e  

I 

I1 

70 

110 

6 76 

10 120 

6.3 GUIDANCE CAIEUUTXONS 

To show how t he  guidance fue l  requirements were a sce r t a ined ,  an 

example is c a r r i e d  o u t  in  d e t a i l .  Consider t h e  mission t o  Pons-Winnecke 

i n  1970 and assume a pre-acquis i t ion  a n a l y s i s  has been accomplished. 

Cons t r a in  the  e r r o r ,  a t  encounter due t o  guidance, t o  be 5000 km o r  l ea s .  

Impose s tandard  hardware u n c e r t a i n t i e s  on the  midcourse propuls ion  system. 

Given the  above information,  and assuming the  s t a t e  o f  t he  veh ic l e  due 

t o  ear th-based t r ack ing  is p e r f e c t l y  known, then the  following r ta tements  

can be made about t he  problem, r e f e r r i n g  t o  t h e  encounter d i spe r s ion  e l l i p s e  

i n  F igu re  6-4: 

6- 9 
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- 
A t  Launch 

a )  A t  launch the  veh ic l e  should be t a r g e t e d  t o  the  cen te r  of t h e  

comet d i spe r s ion  e l l i p s e  (point  A). The worst-case s i t u a t i o n  

a r i s e s  f o r  t he  comet's t r u e  p o s i t i o n  ending up a t  e i t h e r  end 

of t h e  e l l i p s e .  

b)  The unce r t a in ty  in  the  time of per ihe l ion  passage fo r  t he  

comet is 30m (from Table 4-1). 

A t  F i r s t  Veloci ty  Correc t ion  

a )  The comet 's  pe r ihe l ion  p o s i t i o n  is s t i l l  not p r e c i s e l y  def ined .  

The aiming poin t  fo r  the f i r s t  v e l o c i t y  c o r r e c t i o n  is t he  

c e n t e r  o f  t h e  new dispers ion  e l l i p s e  (poin t  B). 

b) The v e l o c i t y  a d d i t i o n  is intended t o  accomplish a t r a n s l a t i o n  

of  t he  aiming poin t  from po in t  A t o  po in t  B and remove a l l  

boost ascent  e r r o r s  present  i n  t h e  t r a j e c t o r y .  

c )  The po in t ing  e r r o r  f o r  t he  midcourse v e l o c i t y  add i t ion  is 

arsumed t o  be lo. 

d)  The propuls ion  uncer ta in ty  f o r  t he  midcourse motor is small 

compared t o  (c) .  

d 
e)  I f  30 is  s e l e c t e d  f o r  t h e  l o c a t i o n  of t he  c o r r e c t i o n ,  then 

the  comet unce r t a in ty  in  da t e  o f  p e r i h e l i o n  is LOm (from 

Table 4- 1). 

A t  Second Vt loclty Correct ion 

a)  The unce r t a in ty  i n  the  p o s i t i o n  o f  t he  comet a t  pe r ihe l ion  

(4 a r c  seconds) may be neglected i n  c a l c u l a t i n g  the  s h i f t  of 

t he  t a r g e t  vec to r .  
6-11 
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b)  The upper bound imposed on t h e  e r r o r  a t  encounter (5000 km), 
t oge the r  wi th  the  poin t ing  e r r o r  (1 0 ), determine when the  second 

c o r r e c t i o n  should take p l ace .  

c )  The v e l o c i t y  a d d i t i o n  is intended t o  s h i f t  t he  t a r g e t  v e c t o r  

from po in t  B t o  po in t  C and remove any v e l o c i t y  e r r o r s  i n t ro -  

duced by t h e  f irst  co r rec t ion .  

To determine t h e  f i r s t  ve loc i ty  c o r r e c t i o n ,  given the  t ime o f  
d execut ion 30 

Figure 6-5. 

t o  t h e  Atlas-Centaur  and a s  much of t h e  comet uncer tq in ty  a s  is poss ib le .  

However, t he  comet p o s i t i o n  a t  a r r i v a l  is unce r t a in  t o  wi th in  lom. 
it  is p o s s i b l e  to- remove only the  d i f f e r e n c e  between launch unce r t a in ty  

and 30 u n c e r t a i n t i e s ,  f o r  t h i s  comet; t h i s  amounts t o  lom. I n  terms o f  

an  aiming-point concept ,  w e  have s a i d  that o r i g i n a l l y  a t  launch t h e  t a r g e t  

v e c t o r  was in  t h e  c e n t e r  of  t he  d isper8 ion  e l l i p s e  o f  t he  comet uncertain-  

t i e s  . 

a f t e r  i n j e c t i o n ,  we make use  o f  Figures  6-1 t o  6-3 and 

It is d e s i r e d  t o  r emve  the  e n t i r e  boos te r  unce r t a in ty  due 

Hence, 

d 

0 

Now, a t  30d, we have a new aiming po in t  wi th  a n  a s soc ia t ed  un- 

c e r t a i n t y .  Therefore ,  t h e  f i r s t  v e l o c i t y  c o r r e c t i o n  w i l l  use as  the  

aiming po in t  the  c e n t e r  of  t he  new comet d i s p e r s i o n  e l l i p s e .  It is important 

t o  remember t h a t  t h e  second d ispers ion  e l l i p s e  w i l l  always be contained i n  

the f i r s t .  Furthermore, t he  worst-case s i t u a t i o n  is when the  second d i r -  

p e r s i o n  e l l i p s e  has s h i f t e d  t o  e i t h e r  end of  t he  f i r s t  e l l i p s e ,  a s  shown 
i n  Figure 6-4. This case  f o r  Pons-Winnecke amounts t o  a change in  t a r g e t  

v e c t o r  c e n t e r s  o f  10 . Hence, with the  a i d  o f  Figures  6-1 t o  6-3 and 

6 - 5 ,  f i r e t  v e l o c i t y  c o r r e c t i o n  of 70 m/s i e  obta ined  (Figure 6-2 was 

generated using 1-0 boos ter  errora). h i e  includes s u f f i c i e n t  f u e l  t o  

remove a l l  Atlae-Centaur u n c e r t a i n t i e s  and s h i f t  t h e  aiming po in t .  

m 

The next  s t e p  is t o  est imate  a p o s i t i o n  i n  t h e  f o r  the  second 

If we s e l e c t  an  upper bound f o r  t he  magnitude of t h e  v e l o c i t y  c o r r e c t i o n ,  

6- 12 
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second Correc t ion  o f  (AV,) 50 m / s ,  then t h e  worst-case e r r o r  i n  the  

second c o r r e c t i o n  would be due t o  po in t ing .  

Using 6(AV,), t he  maximum al lowable miss o f  5000 km, and Figure A28,  we 

determine a minimum time f o r  t h e  second c o r r e c t i o n  o f  40 days before  

a r r  iva 1. 

Now it is a l s o  p o s s i b l e  t o  a s s e s s  t h e  v e l o c i t y  required a t  t h e  

time of  the  second c o r r e c t i o n  t h a t  w i l l  e l imina te  the  e r r o r  i n  the  f i r s t  

c o r r e c t i o n .  A r a t i o  of  t he  s e n s i t i v i t i e s  a t  t he  two c o r r e c t i o n  p o i n t s  

is computed (m). 

( e )  d 
aV t = 30 a f t e r  i n i e c t i o n  m -  

40d before  a r r i v a l  

(6-20) 

From Figure A28, m % 4. Using the e r r o r  i n  the  f i r s t  c o r r e c t i o n  and m y  

t h e  p o r t i o n  of t h e  recond co r rec t ion  requi red  t o  compensate f o r  t h e  e r r o r  

i n  t h e  f i r s t  c o r r e c t i o n  m y  be computed 

Now, t h e  p o r t i o n  of t h e  second co r rec t ion  requi red  t o  r o t a t e  the  t a r g e t  

v e c t o r  o r  c o r r e c t  f o r  comet u n c e r t a i n t i e s  may be determined by using t h e  

comet unce r t a in ty  a t  t he  time o f  the second c o r r e c t i o n  (4 a r c  seconds) 

and t h e  c o w t  unce r t a in ty  a t  t he  time of  t he  previous co r rec t ion  (10 min.). 

S ince  t h e  comet p o s i t i o n a l  u n c e r t a i n t i e s  a t  t he  t h e  of  the second c o r r e c t i o n  

a r e  small, w e  assume that a l l  t he  p o s i t i o n a l  e r r o r  i n  the  t r a j e c t o r y  a t  

6- 14 
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a r r i v a l  is e l imina ted .  Hence, 

x 11,000 = 3 m/s.  
t - 40d before encounter 

Combining the  two por t ions  of the second c o r r e c t i o n  by root-sum squar ing ,  

we have 

Sumning the  two v e l o c i t y  co r rec t ions  r e s u l t s  in  a t o t a l  f u e l  requirement 

of 

bVT AVl + AVs = 76 m/s. 

I f  i t  is des i r ed  t h a t  time of  f l i g h t  be c o n t r o l l e d ,  then  t h e  

v e l o c i t y  requirements would most d e f i n i t e l y  be increased.  An es t imate  

of  t he  inc rease  i n  f u e l  requirements would be 30% t o  con t ro l  time of  

f l i g h t  as w e l l  a s  ta rge t -encounter  d i s t a n c e .  

PH I LCO 
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MARINER-C COMET PROBE 

MARINER-C COMPARISON 

Since t h e  mission t o  Pons-Winnecke i n  1969-1970 is t h e  only  one 

found which is e u i t a b l e  for using a n  Atlas/Ageru launch v e h i c l e  and f o r  

accomplishing t h e  s c i e n t i f i c  o b j e c t i v e s ,  it was chosen f o r  t h e  com- 

par ison.  

p l iehed  using an  Atlas/Agena combination. 

and not  recoverable f o r  a t  l e a s t  3 months a f t e r  launch (see Table 5-1). 

No ear l ie r  launches t o  per iodic  comets were discovered that might uae a n  

Atlas-Agena/Hariner-C combination, A mission t o  t h e  c o m t  Tempel (2)  i n  

1967 looks favorable  f o r  a n  Atlas/Centaur launch. 

t o  t h e  c a t  Kopff (1970) and Brooke (2 )  (1973) f a l l  i n t o  t h e  At la8 /  

Centaur class. 

The mission t o  Tuttlc-Ciacobini-Kresalc i n  1973 may be eccom- 

However, t he  comct is f a i n t  

S i m i l a r l y ,  mirs ionr  

7.2 LAUNCH PERIODS 

The Launch perlods p o s s i b l e  for a mission t o  Pons-Winnecke i n  

1969-1970 a r e  shown i n  Figures 7-1 and 7-2. 
energy curves f o r  t h e  two t ypes  of t r a j e c t o r i e s .  Range-safety and 

energy l i m i t a t i o n s  p r o h i b i t  using a s i n g l e  t ime-of - f l igh t  curve for more 

t h a n  a few days of launch t i m e .  Tables of launch-he l iocent r ic  and conat- 

cen tered  information were compiled f o r  a t y p i c a l  30-day launch window 

f o r  each type of t r a j e c t o r y  ( see  Tables 7-1 and 7-2). For an a c t u a l  

launch table  more f requent  t i m - o f - f l i g h t  change8 would be u t i l i z e d  t o  

e l i m i n a t e  t h e  l a r g e  jump6 I n  energy. The n e t  e f f e c t  would be that  of 

fol lowing t h e  envelope of t h e  energy curvee in s t ead  of ind iv idua l  curve8 

f o r  a number of days. 

These f i g u r e s  a r e  d e t a i l e d  

PH I LCO 
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7.3 P A U D  CAPABILITIES 

A l i a r h e r - C  misr ion  t o  Mars and several poss ib l e  mi r r ion r  t o  

Pons-Wfnnecke are compared i n  Table 7-3. The Mariner-C payload cap.- 

b i l i t y  is  based on t h e  actual launch weight of 565 l b r .  (roe Figure 

7-3). 

m/s as  provided by JPL. 
It i r  evident  that a n  Atlar/Agcnr-B/Marincr-C spacec ra f t  combination can 

be used for a mission t o  Pons-Winnecke in e i t h e r  late 1969 o r  e a r l y  1970. 

It seems most l i k e l y  that both oppor tun i t i e s  would be considered (Type 

I and Type 11) and hence improve t h e  overall r e l i a b i l i t y  of m18rlon 

success  by having two launch per iods rpaced only  a month or so apart i n  

t i m e  F igure  7-4. 

The midcourre v e l o c i t y  c 8 p a b i l i t y  of M a r i n e r - C  was based on 80 
I n  comparing the numberr presehted In  t h e  t a b l e ,  
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SECTION 8 

CONCLUSIONS 

8.1 MARINER-C C(1MET PROBE 

The major conclusion der ived  from t h i o  s tudy  is t h a t  a launch t o  the  

comet Pons-Winnecke may be accaapl ished i n  the  time period of l a t e  

1969 t o  e a r l y  1970 using an Atlas/Agcna/Mariner-C combination. 

a spec t s  of the  misr ion  considered t o  be problem a reas  were inves t iga t ed  

i n  d e t a i l  t o  Insure f e a s i b i l i t y .  

r e s u l t i n g  from these  r t u d i c s  a r e  as fol lowr:  

All 

Some s p e c i a l  requiremenrn of the miesion 

a.  A Phase 0 study should most d e f i n i t e l y  be undertaken 

b. Advantage should be taken of both Type I and Type I1 t r a j e c t o r i e s  

c. Launch windows der ived by fol lowing the  envelope of minimum 

energy should be i nves t iga t ed  t o  determine the inf luence  on 

Atlas/Agena guidance s e t t i n g  requirement6 

d.  P r w i e i o n r  f o r  making accura te  observa t ions  of t he  comet from 

o b r e m a t o r i e s  rhould be made well i n  advance of the expected 

re cove ry 

8.2 ATLAS-CaTAUR COMXT PROBES 

Secondary c m t  mirsionr t o  Tempe1 (2), Kopff and Brooks (2) may be 

accompllrhed wi th  an Atlar/CentaurfHariner-C c l a r r  veh ic l e .  

requlrementr apply  t o  t h o r r  c m t r  a r  f o r  P a - W i n n t c k e .  

S imi l a r  

8 -1 
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8.3 MISSION PLANNING FACTORS 

Comet missions are somewhat different from planetary encounter 

missions. Significant changes in planning a comet mission are the 

following : 

a. Comet orbits are very poorly defined compared to thoae of 

planets. This requires an additional effort before launch to 

improve the comet ephemeris to minimize guidance requirementr. 

b. Range-safety boundaries and launch-guidance settings change 
more rapidly due to the higher inclinations of some of the comets. 

c. Approach velocities are gene'rally higher due to the larger remi- 

major axis of the comet orbit. 

It is not likely that any newly discovered comets will be suitable for 

consideration in the time span of interest. The likelihood of proper 

phasing between the earth and a "new" comet is very low and the lack of 

sufficient orbital data most likely preclude any such mission possibilities. 
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SECTION 9 

CIDSE-APPRQACH ASTEROID MSSION 

9 . 1  ASTEROID SELECTION 

The four  close-approach a s t e r o i d s  Eros, Apollo,  Hermes and I c a r u s  

were considered a s  p o s s i b l e  t a r g e t s  f o r  t he  a s t e r o i d  mission. 

of a prel iminary a n a l y s i s  of  these a s t e r o i d s  and o t h e r  work c a r r i e d  on by 

IITR [1964) r e s u l t e d  i n  d i sca rd ing  a l l  t h e  above a s t e r o i d s  except Eros a s  

p o s s i b l e  t a r g e t s .  

(8 x 22 km). 

The r e s u l t s  

Eros was se l ec t ed  p r imar i ly  on the  b a s i s  of s i ze  
The o t h e r  a s t e r o i d s  a r e  a l l  about 1 km or smaller  i n  s i z e .  

9 . 2  EROS TRAJECTORY CHARACTERISTICS I 

T ra jec tory  c h a r a c t e r i s t i c s  f o r  a mission t o  Eros i n  1974 a r e  

presented i n  Appendix C. Energy requirements a r e  q u i t e  reasonable ,  i . e . ,  

C j  
s i m i l a r  t o  a Mars mission,  y1 
f o r  t h i s  mission is nea r ly  constant  and extremely low, CD 
Ian. 

descending node. This  o r b i t  c h a r a c t e r i s t i c  accounts f o r  t he  low energy 

and the  r e l a t i v e l y  cons t an t  coarmunication d i s t ance .  

is much b e t t e r  def ined  than  any of t he  comets. 

v i s i b l e  a good por t ion  of t he  time and hence s u f f i c i e n t  da t a  is or could 

be obta ined  to def ine  the  o r b i t  t o  t h e  requi red  accuracy. 

guidance problem f o r  a close-approach a s t e r o i d  misclion is  not  considered 

t o  be a problem a rea .  

d i s t a n c e s  of the  o rde r  of thousand8 of lum and in  no way touches on t h e  

problem of  t a r g e t  impact, 

7 .5  kn?/sec’ f o r  a 30-day launch window. Approach v e l o c i t i e s  a r e  
a 

4 to 6 km/sec. The cotmunicetion d i s t ance  

25 m i l l i o n  

Unlike m s t  of t h e  a s t e r o i d s ,  Eros has its p e r i h e l i o n  very near t he  

The o r b i t  ephemeris 

The a s t e r o i d  is a l s o  

As w c h ,  t h e  

The guidance problem mentioned above i n f e r s  miss 

PH I LCO! 
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9.3 ASTEROID MISSIONS 

It seems logical.  t o  j u s t i f y  a mission t o  an  a s t e r o i d ,  sometimes 

r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  a s  a 6'ay rock, t h a t  one m u s t  s e t  o u t  t o  

accomplish one of  the  following tasks: 
-.. 

1. F l y  by a t  v e r v  c l o s e  d is tance  a n d  o b t a i n  h igh - re so lu t ion  TV 
p i c t u r e s  which could be used t o  analyze the  su r face  c h a r a c t e r  

o f  the  a s t e r o i d .  

2 .  Obtain spectographic  icformation which could r e s u l t  in  a n a l y r i e  

o f  t he  composition of the a s t e r o i d .  

Both o f  t he  t a s k s  mcntioned above seem extremely d i f f i c u l t  t o  

achieve  due t o  the  small s i z e  o f  t h e  a s t e r o i d  a n d  t he  s o l i d  c h a r a c t e r  of  

i t s  mass. However, a s o l u t i o n  has been considered f o r  accomplishing t h e  

second t a sk .  I n  order t o  ccnduct spec t roscopic  measurements on a s t e r o i d -  

a l  s u r f a c e  m a t e r i a l  on a f l y - b y  m i s s i o n ,  3r. experiment is proposed which 

might be c a l l e d  the  shotgun method. This experiment is o u t l i n e d  below. 

9.4 SHOTGUN EXPERIMENT 

The Shotgun Experiment c o r i . ; ~ s t s  o f  t h e  following sequence of  events :  

1. Achieve a d i s t a n c e  n :  ~ : o , c s t  approach of  io0 t o  300 kza by using 

a t r i p l e - c o i r e c t i o n  k u i d a n c e  scheme Without a closed- loop 

guidance system, t h e  mi:iimL:ffi e r r o r  c a n  ncver  be smaller than 

A.U. un ic r t aLn : l r s .  

2.  A t  a s p e c i f i e d  t h e  b e f o r e  a r r i v a l  trom the  a s t e r o i d ,  s epa ra t e  

a sp inning  p a y i o a d  t r o m  the  s p a c e c r a f t  ( s p e  Figure 9-1) .  

3. Re-orient  t he  space:!a: t  and i e i i o - f i r c  the  sr ;acecref t  engine 

(AV :. 100 m / s ) .  The ~ ? a , e i r , ? f :  UI:! t h e n  t r a v e !  on a slower 

9 -  2 
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t r a j e c t o r y  than  the  spinning payload. 

4. A t  fixed-time increments, r e l e a s e  r i n g s  of p a r t i c l e s  from t h e  

The n e t  e f f e c t  o f  t he  propagat ion of  t hese  sp inning  payload. 

p a r t i c l e s  is to  c r e a t e  a c r o s s - s e c t i o n a l  a r ea  o f  p a r t i c l e s  

such that  a t  l e a s t  one and p re fe rab ly  more w i l l  impact t he  

a s t e r o i d .  

pong b a l l  or smal le r  and the  composition is such t h a t  a maximum 

cloud of  a s t e r o i d  ma te r i a l  is c rea t ed .  

The s i z e  of t hese  p a r t i c l e s  may be t h a t  o f  a ping- 

5 .  The spacec ra f t  is equipped wi th  a spectrograph which then 

analyzes  the  a r t i f i c i a l l y  c rea t ed  cloud of  a s t e r o i d  ma te r i a l .  

The smal l  g r a v i t a t i o n a l  c o e f f i c i e n t  of t he  a s t e r o i d  should 

a l low the  cloud t o  remain d ispersed  for a r e l a t i v e l y  long 

per iod  of  t ime.  

No r e f ined  e s t ima te  of  p a r t i c l e  s i z e s ,  c o h o s i t i o n ,  e t c . ,  have 

been made, bu t  a 100-lb. spinning payload should provide ample margin. 

9 . 5  coNcLusIoNs 

The Shotgun mission a s  b r i e f l y  descr ibed  he re in  seems t o  be a 

reasonable  approach f o r  ob ta in ing  good composition da ta  for the  a s t e r o i d  

Eros. 
permi t ted .  

A TV system could a d d i t i o n a l l y  be used i f  t h e  t o t a l  payload weight 

9- 4 
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RAG - RT. Ascension o f  Comet 

RAS - RT. Ascension o f  Sun 
RAM - RT.  Ascension o f  Pbon 

Fig. B - 1  Schematic of Sun-Earth-Comet Geometry 
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APPENDIX C 

EROS TRAJECTORY CEARACTERISTICS 

Ceocentric I n j e c t i o n  Energy v s .  Launch Date 
for Eros 1974 

Target Arrival Conditions vs. Launch Date for Eros 

Trajectory Profile in  E c l i p t i c  Plane for Eros 

A l l  data presented was generated using o r b i t a l  element data provided 
by Dr. L. E. Cunningham, WDL consultant. ,  
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